Introduction M atrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS), a soft ionization tool developed by Karas and Hillenkamp [1] in 1980s, has become a powerful tool for bioanalysis because of the advantages of high throughput, high sensitivity, high salt tolerance, and relative ease of sample preparation procedure [2, 3] . However, the analysis of low molecular weight (LMW) compounds (<500 Da) still faces some challenges. The conventional matrices, such as 2, 5-dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid (CHCA), are not suitable for small molecules detection because of their strong background interferences in the low mass range (m/z 100-500). Moreover, visible Bsweet spot^is generated during the cocrystallization process of analyte and matrix, which usually leads to poor reproducibility and unreliable quantification results. Therefore, development of new matrices with easy preparation, excellent ionization efficiency, and uniform crystallization is highly desirable.
Much effort has focused on producing new matrices to enhance the analytical performance for the detection of LMW compounds. One approach is the development of organic matrices with high sensitivity and reduced background, such as 9-aminoacridine (9AA) [4] , 1,5-diaminonaphthalene [5] , isoliquiritigenin [6] , and N-(1-naphthyl) ethylenediamine dinitrate [7] . For example, 9AA is an excellent matrix for some small molecules detection in negative ion mode, but the poor solubility usually leads to inhomogeneous crystallization with the analytes, thus decreasing the sensitivity of MALDI MS and shot-to-shot reproducibility [8] . In addition, many inorganic nanoparticles, including porous silicons [9] , metal and metal oxide nanoparticles [10] [11] [12] [13] , as well as carbon-based nanomaterials [14] [15] [16] with different compositions and morphology have been explored to be effective MALDI matrices. In particular, carbon-based nanomaterials such as graphite, graphene, fullerene, carbon nanotube, and diamond nanowire have attracted great attention in laser desorption/ionization (D/I) because of their outstanding charge mobility and universal optical absorption properties [16] [17] [18] [19] . However, fullerene and fullerene-derivatives showed poor sensitivity for small molecules analysis [20] . In contrast, graphene and carbon nanotube exhibited higher sensitivity, but their poor dispersibility in aqueous solution decreased the spot-to-spot reproducibility, and the ionization efficiency was often affected by their different structural properties [19, 21] . Carbon nanodots (CDs), which is a new form of zero-dimensional carbonaceous nanomaterial, possesses a variety of advantages, including convenient sample synthesis, excellent water dispersibility, and photostability [22, 23] . Recently, Nie's group firstly used CDs as a novel matrix for the analysis of a series of LMW compounds by MALDI-TOF MS with higher sensitivity over other reported carbon based matrices [24] . However, the intense carbon cluster signals of this matrix were exhibited, which caused matrix suppression effect and complicated mass spectra in the low mass range. Moreover, the application of CDs matrix paid less attention to the further development and in-depth mechanism study in positive or negative ion mode. Therefore, there is still a requirement to improve the analytical performance of the existing MALDI matrices, especially the best organic or inorganic matrices by far.
Recently, some binary matrices have been proposed to overcome the above drawbacks of singular matrix and improve the quality of D/I process via suppressing the matrix clusters and fragments [25] , producing homogeneous sample-matrix co-crystallization [26] , expanding the detection range [27] , and increasing the detection sensitivity [28] . However, the binary matrices generated with carbon-based materials have never been proposed with increased sensitivity and reproducibility. Taken into consideration the excellent features of CDs and the advantages of binary matrix, a new binary matrix composed of CDs and 9AA was developed for small molecules detection by MALDI-MS. Similar to the existing reports [29] , our synthesized CDs exhibited nano-sized morphology, excellent water dispersibility and broad UV absorption properties. Importantly, it was observed that the addition of CDs to 9AA solution yielded higher detection signals for the analysis of amino acids, nucleosides, oligosaccharides, peptides, and anticancer drugs. Moreover, 9AA/CDs binary matrix produced a more homogeneous co-crystallization of matrix and analyte that improved the spot-to-spot and shot-to-shot reproducibility to some extent. The new binary matrix was applied for glucose and nucleosides detection, and then extended for cytidine quantification in urine sample. This work demonstrates that 9AA/CDs-assisted LDI MS method enables a simple, rapid, high sensitivity and reproducibility application for LMW compounds detection.
Experimental

Chemicals and Reagents
Trifluoroacetic acid (TFA), 9-aminoacridine (9AA), D-glutamic acid, D-aspartic acid, D-histidine, D-lysine, DL-methionine, D-proline, L-glutamine, L-asparagine, adenosine, cytidine, thymidine, uridine, and sodium citrate were purchased from Sigma-Aldrich (St Louis, MO, USA). Glucose, lactose, raffinose, doxorubicin, curcumin, paclitaxel, and etoposide were obtained from J&K Scientific Co. Ltd. (Beijing, China). α-Cyano-4-hydroxycinnamic acid (CHCA) was purchased from Bruker Daltonics GmbH (Bremen, Germany). Four peptides, Tyr-Gly-Gly, Tyr-Phe, Phe-Gly-Phe-Gly, and Arg-Ser-GlyPhe-Tyr were purchased from Shanghai Apeptide Co. Ltd. (Shanghai, China). Bond Elut Phenylboronic Acid (PBA) columns were obtained from Varian (Agilent, Santa Clara, CA, USA). Deionized water (18 MΩ) used in all experiments was prepared from a Milli-Q water purification system (Millipore, Bedford, MA, USA).
Synthesis of CDs
CDs was synthesized by the hydrothermal strategy [30] , which is a simple, convenient one-step method. Briefly, 0.2 g sodium citrate and 1.5 g NH 4 HCO 3 were dissolved in 10 mL water; the mixture was then sealed into a stainless steel autoclave and heated at 180°C for 4 h. After the reaction completed, the autoclave was cooled down naturally. Next, the aqueous solution was centrifuged at 16,000 rpm for 15 min to dislodge the nonfluorescent deposit and get the upper CDs aqueous solution for use. The CDs was conducted through a dialysis membrane (1000 Da, molecular weight cutoff) for 48 h and then dried under vacuum.
Characterization of CDs
High resolution transmission electron microscopy (HRTEM, Tecnai G 2 F30; FEI, Hillsboro, OR, USA) was used to characterize the surface morphology of the prepared CDs. Fourier transform infrared spectroscopy (FTIR) spectra were measured by an EQUINOX 55 (Bruker) spectrometer with the KBr pellet technique ranging from 500 to 4000 cm -1
. X-ray photoelectron spectroscopy (XPS) measurements were taken with an Esca Lab 250 spectrometer (Thermo Scientific, Waltham, MA, USA) with monochromatic Al Kα radiation (1486.6 eV). The UV-vis absorption spectra of products were recorded using a Beckman Coulter DU-800 spectrophotometer (Miami, FL, USA) at room temperature in 1.0 cm path length. Fluorescence measurement of CDs was performed with a Fluorolog-3 fluorescence spectrophotometer (Horiba, JobinYvon, France) using a 1.0 cm quartz cell equipped with a thermostatic bath. The samples were excited at 350 nm, and the emission spectral range was from 370 to 650 nm. The emission slit and the exciting slit were both 2 nm.
Sample Preparation
Standard solutions of amino acids, nucleosides, oligosaccharides, peptides, and anticancer drugs were prepared by directly dissolving corresponding chemicals in water at a concentration of 10 mmol L -1 as stock solution. The solutions were prepared by mixing and diluting the stock solutions with water to give the concentration of 1 mmol L -1 for each analyte. Urine sample was collected from a healthy female volunteer and mixed with 3-fold amount of methanol for protein precipitation. The precipitated proteins were removed by centrifuging at 16,000 rpm for 30 min. The Bond Elute PBA-SPE column was preconditioned with a mixture of H 
Mass Spectrometry Analysis
A MALDI-tandem-time-of-flight (MALDI-TOF/TOF) mass spectrometer (Bruker Daltonics) equipped with a 337 nm nitrogen laser (10.0 Hz) was used for small molecules detection under reflectron and positive ion modes. Each spectrum was the cumulative average of 1000 laser shots in a pixel with 100 μm in diameter. Ions in the mass range of 0-1000 were detected with a sampling rate of 2.5 GS s -1
. The laser power energy was adjusted as needed. Besides, MS/MS experiments were also carried out to help identify the potential structures of glucose and nucleosides in urine sample. The MS/MS spectra were acquired in positive LIFT mode in the mass range of 160-400 performed with a medium focus. Data were processed using FlexAnalysis 3.3 software (Bruker).
Results and Discussion
Characterization of CDs
The obtained CDs solution exhibited a long-term homogeneous phase without any noticeable precipitation at room temperature. The TEM image showed that these CDs were mono-dispersion, photochemical stable, and water soluble, and the size distributed in the range from 2 to 8 nm (Supplementary Figure S1a . In addition, XPS measurements were taken for the surface elements, and the result showed that carbon and oxygen were the main elements presented at the surface of CDs (Supplementary Figure S1d and Supplementary Figure S2 ). These data revealed that the as-prepared CDs were functionalized with -COOH and/or -OH groups, which made it possible for liberating and transferring proton to analyte in positive ion MALDI MS. Furthermore, a strong absorption of the CDs in the UV region (250-350 nm) revealed the advantage for absorbing laser energy and transferring energy to analyte (Supplementary Figure S1e) [32] . The fluorescent spectrum indicated the CDs possessed great fluorescence properties. Then, the laser desorption/ionization (LDI) mass spectrum of CDs was described in Supplementary Figure S1f. As expected, the CDs exhibited a clean background in the low mass region (m/z <1000), showing a free matrix effect for the analysis of LMW compounds by MALDI-MS, which was better than the previously reported CDs matrix [24] .
Optimization of the Matrix for MALDI MS Analysis
In this study, our initial objective was to improve the analytical performance of LDI-MS for LMW compounds detection with the synthesized CDs. For this purpose, lactose (L, MW = 342.30), cytidine (C, MW = 243.22), histidine (His, MW = 155.16), and glutamine (Gln, MW = 146. 15) were randomly chosen as model small molecules for the analysis. To our surprise, these molecules exhibited poor sensitivity when using CDs as matrix (Figure 1 , shown as black line). This might be due to the different physicochemical properties, including absorption, morphology, and size features when using different synthesis conditions and precursors. In addition, the previous studies indicated that 9AA was a wellknown matrix for LMW compounds detection with reduced matrix background in the mass spectra [8, 33] . Interestingly, as shown in Figure 1 (red line), the signal intensities obtained from 9AA/CDs were much higher than those of 9AA and CDs, and better signal peaks were generated when using positive ion MALDI MS (Supplementary Table S1 ). Moreover, different concentrations of CDs (0.2, 0.5 1, 2, 5, and 10 mg mL ) were mixed with an equal volume of 10 mg mL -1 9AA separately to confirm the optimum concentration of this matrix for small molecules detection. The result showed that 1 mg mL -1 CDs obtained the highest signal intensities for the detected molecules and were ultimately used for the following experiments ( Figure 2 ). (Figure 3a and b) . Nevertheless, as shown in Figure 3c , the For exploration of the reproducibility, the intensities from 22 acquisitions were stabilized at around 60,000 and the relative standard deviation (RSD) was about 6.8% (Figure 3e ). In addition, the signals from different spots also revealed a better reproducibility with RSD of 5.4% (n = 10) by 9AA/CDs matrix (Supplementary Figure S3) . The results indicated that the CD/9AA matrix has the capability to increase spot-to-spot and shot-to-shot reproducibility of MALDI MS. Moreover, the crystal of 9AA was distributed irregularly compared with those of 9AA/CDs (Figure 3d) , and their spot-to-spot and shot-to-shot intensity reproducibility exhibited with RSD of 27.8% (Figure 3f ). Therefore, 9AA/CDs matrix prepared in H 2 O-EtOH (50:50, v/v) solution was used for the ensuing MALDI MS experiments.
Matrix Crystallization and Signal Reproducibility Evaluation
Analysis of the Various Types of LMW Compounds
To test the performance of the binary matrix for the analysis of LMW molecules, nucleosides, amino acids, oligosaccharides, peptides, and some anticancer drugs were detected with 9AA, 9AA/CHCA, and 9AA/CDs matrices in positive ion mode. Nucleosides are the RNA metabolites and become the wellknown biomarkers in various diseases. In this study, a nucleo- , and Arg-Ser-Gly-Phe-Tyr (RSGFY, MW = 555.27) were prepared to examine the capability of 9AA/CDs matrix for the determination of short-chain peptides. As shown in Figure 4c , only two peptides were analyzed using 9AA as matrix, and four peptides were detectable but with a fairly low response when using 9AA/CHCA. However, all of the peptides were well detected in the form of [M + Na] + when using 9AA/CDs as matrix. Interestingly, the [M + H] + ion was also detected for RSGFY with high signal intensity. The phenomenon might be caused by the guanidine group (-CN3H4) of Arg that serves a as strong proton-accepter and is easily protonated during the ionization process.
As we know, saccharide is one type of metabolite that plays a crucial role in physiological and pathologic processes. However, the analysis of saccharides by mass spectrometry was hindered due to their poor ionization efficiency [34] . Therefore, fast and convenient detection of saccharides is necessary. Herein, the oligosaccharides, including glucose (MW = 180.16), lactose (MW = 342.30), and raffinose (MW = 504.44) were chosen for MALDI MS analysis. In details, the binary matrix 9AA/CHCA exhibited a poorer analytical performance than those of 9AA; the probable reason was that the oligosaccharides could not be determined using CHCA matrix. Conversely, the signal intensities of [M + K] + ions of glucose and [M + Na] + ions of lactose and raffinose were greatly increased when using 9AA/CDs as matrix, and their S/N ratios increased about 2.5 times compared with those of 9AA, demonstrating the feasibility of this binary matrix for oligosaccharides analysis (Figure 4d ). Moreover, 9AA/CDs matrix was then extended for the analysis of anticancer drugs, including doxorubicin, curcumin, paclitaxel, and etoposide, showing a wider range of LMW compounds application (Supplementary Figure S5) . The above results demonstrated that 9AA/CDs is an efficient binary matrix that can be broadly applied for small molecules detection in positive ion MALDI MS.
Proposed Mechanism of Improved LDI Efficiency
Based on the good performance of 9AA/CDs, the proposed mechanism of the binary matrix for improving the ionization efficacy was further explored. First, in the expanded XPS spectra of CDs shown in Supplementary Figure S2 , the C1s peaks at 284.8 and 288.5 eV were identified as sp 2 bonded carbon in the form of C=C and C=O respectively, validating the existence of the continuous π-conjugated structure of CDs. Meanwhile, the O1s peak at 531.9 eV and 533.2 eV might indicate that oxygen is mostly in the form of C=O and C-O, which demonstrated the abundant carboxyl and hydroxyl groups on the surface of CDs. As one major component of CDs dopants, oxygen atoms in the form of carboxyl and hydroxyl groups could act as a Lewis acid and tended to transfer protons to the analytes upon their desorption. This might help 9AA increase ionization degree of the analytes by MALDI-TOF MS in positive ion mode. In addition, the matrix must exhibit a strong absorption of photons at the laser emission wavelength (337 nm) to aid the ionization of analyte molecules in the gas phase. As shown in Figure 5a , 9AA/CDs solution exhibited a stronger absorbance near the wavelength of 337 nm than those of their two singular matrices, which was aiding better laser absorption and energy transfer from the UV laser beam. This phenomenon might be due to the continuous π-conjugated network and hydrogen-bond interaction between 9AA and CDs (Figure 5b) . Moreover, CDs supported 9AA to form a thin and uniform layer of matrix crystal, which might help to achieve high sensitivity for the LDI analysis [35] (Figure 3c and d) . 
Determination of Glucose and Nucleosides in Urine Sample
To further examine the applicability of 9AA/CDs binary matrix, cis-diols of a urine sample from a heathy female was extracted and followed by MALDI-TOF MS analysis. As shown in Figure 6 , the molecular ion peaks identified in the mass spectra might be glucose ( . In order to confirm their structures, the tandem mass spectra of the urine samples obtained from MALDI-TOF/TOF MS/MS were compared with those of their corresponding standards. The related information including the mass obtained from the mass spectra, the calculated mass, and fragment ions of the metabolites are summarized in Supplementary Table S2 . Importantly, comparing the fragmentation patterns of the standards (except N 4 -acetylcytidine) with those from urine samples in the MS/MS spectra, all the five metabolites could be validated because more than 80% ion peaks were matched (Supplementary Figure S6) . Then, the fragments of N ) in the urine sample. This method not only simplified the quantification process but also made the result more reliable as the peaks produced by the internal standards often closely and easily affect the intensity of analytes. Therefore, the 9AA/CDs matrix has been demonstrated to be feasible for detection and quantification of LMW compounds in real sample.
Conclusion
CDs was synthesized and employed as a novel binary matrix with 9AA for small molecules analysis by positive ion MALDI MS. A wide range of small molecules comprising nucleosides, amino acids, oligosaccharides, peptides, and some anticancer drugs were investigated. Compared with 9AA and 9AA/ CHCA matrices, the binary matrix 9AA/CDs exhibited several advantages, such as its relatively low matrix interferences, low fragmentation, high detection sensitivity, and wide scope for small molecules detection. Moreover, a more homogenous matrix-analyte co-crystal and better reproducibility were also demonstrated with the optimized solvent. The better analytical performance of 9AA/CDs was attributed to the π-conjugated network, the abundant carboxyl and hydroxyl groups on the CDs surface, the thin layer of matrix crystal, and 9AA ionization suppression by CDs. The good performance of this binary matrix provided the possibility for the determination of nucleosides, glucose, and the clinical monitoring of cytidine level in urine sample. In summary, it is believed that the 9AA/CDs could be an efficient and feasible matrix to solve the analytical challenges of reproducibility and sensitivity for MALDI-TOF MS analysis.
